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CHARACTERIZING THE DIFFERENTIATION POTENTIAL OF MUSCLE 





Damage to the musculoskeletal system through disease, injury, or ageing can have 
long lasting, and detrimental effects on one’s overall well-being. By understanding the 
processes by which the different tissues of the musculoskeletal system function and 
communicate, we can apply it to a variety of medical interventions that will benefit the 
patient population. These include reducing the prevalence of injury-inducing ectopic 
bone formation in muscle, and slowing the degeneration of muscle and bone tissue 
associated with aging. A major focus is the relationship between muscle and bone tissue, 
specifically the stem cell populations found in each tissue type. Two genes that are 
thought to mark stem cell populations associated with muscle and bone tissue are Pax7 
and Prx1, respectively.   
 
Objectives: 
Establish the capability and define optimal conditions to culture primary stem 
cells isolated from the muscle tissue of the reporter animals that fluorescently tag the 
Pax7 and Prx1 cell populations. Manipulate culture medium conditions to characterize 
the differentiation potential for multiple lineages, osteogenic, adipogenic, and myogenic. 
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 The tamoxifen inducible Pax7tm1(cre/ER2)Gaka/J and Prx1CreER-GFP		were	both	crossed	
with	B6.Cg-Gt(ROSA)26sor<tm14(CAG-tdTomato)Hze>/J to create the tamoxifen 
inducible Pax7/Ai14 and Prx1/Ai14 reporter mice. These animals were then crossed to 
the B6,129S7-Rag1tm1Mom/J , creating the Pax7/Ai14/Rag and Prx1/Ai14/Rag reporter 
mice strains. This transgenic mouse model made it possible to fluorescently identify the 
Pax7 and Prx1 population of cells isolated from the muscle tissue and characterize the 
differentiation potential to different cell lineages in vitro. Cells were harvested from both 
male and female mice that received two tamoxifen injections. Cells were then cultured in 
various culture media conditions. Determination of specific cell densities, culture 
conditions, and differentiation time points were determined by manipulating these 
variables, and assessing the levels of proliferation and differentiation. Multiple assays 
were run in order to quantify and identify the different cell lineages that were grown in 
culture under different culture conditions.  
  
Results: 
 Cells grown on gelatin coated dishes at densities of 2.2x104 to 2.2x105 showed 
optimal performance in proliferation and differentiation. Cells grown in Growth Media 
containing Chick Embryo Extract (GM) and without (GM-) produced myogenic and 
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adipogenic cell types that were positive for Prx1 expression. Prx1 positive cells grown in 
the Osteo-Inductive Media (GMOI) produced osteogenic cell types validated through 
tetracycline uptake. Pax7 expression was low in all culture media conditions. Finally, 
adipogenic cells were present in both younger and older animal. The adipogenic cells for 
both populations showed positive Prx1 expression. Younger animals showed a larger 
relative expression of Plin1 in qRT-PCR analysis.  
 
Conclusions:  
 Although Prx1 is thought to be associated with bone tissue, Prx1 positive cells are 
located within the muscle and able to be cultured. This muscle derived Prx1 cell 
population is able to differentiate toward the myogenic, adipogenic, and osteogenic cell 
lineages. By altering the specific components of culture conditions such as extracellular 
matrices, seeding density, and media constituents, it is possible to force a particular 
lineage differentiation for Pax7 and Prx1 muscle derived stem cells. Further studies are 
needed to elucidate the differentiation potential of Prx1 cells isolated from animals of 
various ages. Additional in vivo studies are needed to understand the mechanisms 
surrounding the Prx1 and Pax7 population of cells with their roles in healing and 
regeneration in response to degeneration and trauma.   
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 Injuries and damage to the musculoskeletal system are common causes of long-
term pain and physical disability. Injuries can occur through physical trauma, disease, 
and general deterioration overtime. As the major framework of the body, any aliment to 
the musculoskeletal system can decrease one’s mobility, ability to perform fine motor 
skills, and in severe cases, function autonomously (Thomas, 2007). The prevalence of 
injuries to this system makes it of the most common reasons for visits to a doctor or an 
orthopedic surgeon (Monrad, Zeller, Craig, & DiPonio, 2011). Those working in the 
retail sector alone, generated $389 million in medical compensation claims related to 
musculoskeletal conditions and disease (Battacharya & Leigh, 2011). Additionally, 
musculoskeletal disorders only increase with age, and injuries such as fractures and 
breaks within the bone, require long recovery times (Peele, Xu, & Colombi, 2005). In 
many of these cases, corrective surgery is required and can result in painful and 
debilitating postoperative complications.   
 
Ectopic Bone Formation 
High impact muscle injury, joint replacement, or even traumatic brain and burn 
injuries, can lead to deleterious effects on the musculoskeletal system. Ectopic bone also 
known as heterotopic ossification (HO) may develop as a result of these events occurring. 
HO results in mature lamellar bone formation in extra skeletal soft tissue in which bone 
deposition would be considered abnormal. This bone deposition can cause pain 
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associated with movement, decreases to mobility, flexibility and the function of the joint 
with which the HO is in proximity to (Amar, Sharfman, & Rath, 2015). Studies regarding 
the mechanism by which this ossification occurs, postulate that traumatic injury or 
invasive procedures may initiate inflammatory reactions that contribute to the recruitment 
of a variety of immune and progenitor cells that ultimately lead to cell proliferation and 
differentiation, resulting in new bone formation in the areas surrounding the injury site 
(Salisbury, Lazard, Ubogu, Davis, & Olmsted-Davis, 2012).  
Bone is a highly regenerative tissue due to its intrinsic properties, which allows 
for complete recovery after injury that is often indistinguishable from the original 
structure prior to the fracture. The progenitor cells responsible for the regeneration and 
healing of the fractured bone primarily originate from the endosteum and periosteum 
(Muaro, Yamamoto, Matsuda & Akiyama, 2013). A number of genes are upregulated in 
these cells that control their proliferation and differentiation into osteogenic and 
chondrogenic cells capable of regenerating the affected structures (Bais et al., 2009). This 
differentiation is a direct product of the microenvironment of the fracture site and 
ultimately decides the fate of the cells (Shapiro, Adams, Freeman, & Srinivas, 2006). The 
new bone formation, occurring through both intramembranous and endochondral 
ossification, happens within the confines of the fracture callus (see Figure 1).  Identifying 
the genes, cells, and qualities of the microenvironment responsible for cell differentiation 
in bone regeneration could prove to help reduce the incidence of HO in postoperative 




Figure 1. The Fracture Callous. A depiction of the site of fracture on a typical bone 
showing the variety of cell populations that are responsible for fracture repair. The sites 
of the two types of ossification (intramembranous in light red, and endochondral in light 
blue), are shown, as well as the infiltrating vasculature carrying oxygen and nutrients 
vital for a permissive repair environment (Bragdon & Bahney, 2018). 
 
Bone Formation and Growth 
The embryological sources of bone derive from the paraxial mesoderm, lateral 
plate somatic mesoderm and the neural crest cells. The mesodermal cells give rise to the 
mesenchyme or embryonic connective tissue which in turn develops into bone (Hall, 
1998). The formation of bone occurs via two separate processes during development; 
endochondral ossification and intramembranous ossification (Ortega, Behonick, & Werb, 
2004). Bone that develop through the intramembranous ossification process include the 
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craniofacial bones and the clavicle. Intramembranous ossification occurs through the 
direct mineralization of pre-osteogenic multipotent mesenchymal cells (Percival & 
Richtsmeier, 2013). In contrast, the process of endochondral ossification, generating 
bones that participate in weight bearing activities such as long bones and the vertebral 
column, relies on a pre-existing hyaline cartilage model (see Figure 2). The first bone 
tissue to develop is the primary bone or woven bone, which then is replaced by secondary 
or lamellar bone (Scammell & Roach, 1996). Mesenchymal precursor cells produce 
osteoblasts within the perichondrium, which are responsible for producing a bone collar, 
which will develop into the cortical bone (Yang et al., 2014). Recruitment and invasion 
of vasculature in and around the cartilaginous template occurs, prompting osteoblasts and 




Figure 2: The Process of Bone Formation via Endochondral Ossification. (a) 
Mesenchymal cells differentiate into chondrocytes, which in turn become the hyaline 
cartilage model or template for ossification. Vascularization occurs within the template 
area enclosed by the bone collar. The chondrocytes differentiate into hypertrophic 
chondrocytes with allows for extracellular matrix (ECM) remodeling. This process is 
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done by osteoclasts and chondroclasts recruited by the invasive blood vessels. (b) A 
cross-section of a mouse metatarsal depicting the primary and secondary sites of 
ossification. Chondrocytes divide rapidly and form columns parallel to the long axis of 
the bone. The cells produce collagen fibers and cartilage matrix proteins. The 
hypertrophy compresses the cartilage matrix into thin septa between chondrocytes. 
Subsequent calcification of the cartilage matrix provides the scaffolding for new bone. 
Endochondral ossification starts at the primary site at the center of the diaphysis, which 
allows formation of the two growth plates. These two growth plates are responsible for 
the elongation of the long bones. Later, endochondral ossification occurs at a secondary 
site, in the epiphysis of the long bones. Scale bar represents 200 mm. (Oretega et al., 
2004)  
 
Muscle and Bone Crosstalk  
 Due to close proximity of muscle tissue to bone, the two are often considered as 
influencing one another in fracture healing and growth. The long-standing belief that 
muscle may contain cells that undergo osteogenesis in post-embryonic development has 
been exhibited through ectopic bone, which occurs not only in areas adjacent to the 
periosteum, but in the muscle tissue as a result of either physical trauma or disease (Liu, 
Schindeler, & Little, 2010).  Bone morphogenetic proteins (BMPs) are cytokines that are 
essential to regulating bone formation in embryonic development (Cheng et al. 2003). 
BMPs have been an area of research for determining the means through which muscle 
progenitor cells can be recruited to undergo osteogenesis. Through in vivo mice studies, 
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myogenic progenitors can be “reprogrammed” from a myogenic potential to an 
osteogenic potential, in response to BMPs compared to other cells types in adult tissues 
(Jane et al., 2002). BMP not only affect myogenic cells in producing bone but have been 
shown to exhibit major control over muscle mass in mice and could have implications in 
therapeutics for wasting disorders (Sartori et al.,  2013) 
 While the periosteum has been proven to be a major source of osteoprogenitor 
cells in fracture repair, the muscle has potential to be considered a “secondary 
periosteum” if the periosteum itself undergoes damage. (Schindeler, Liu, & Little, 2009). 
These myogenic cells could have osteogenic potential to act as “donor osteoprogenitor 
cells” in the event that the initial impact of fracture delivers injury to both muscle and 
bone creating a contiguous hematoma, as adjacent vasculature is essential to fracture 
repair and congruent cell migration (Liu et al., 2010).  
Skeletal Muscle Development and Regeneration 
 The embryological source of skeletal muscle derives from the paraxial mesoderm 
that is arranged segmentally into somites during early stages of fetal development (Yusuf 
& Brand-Saberi, 2012).  As development progresses, the somites increase in complexity 
and form the dermomyotome, which eventually yields epaxial and hypaxial skeletal 
muscle (Huang & Christ, 2000). The myotome, a derivative of the dermomyotome, forms 
in a multi-step process and cells within this population are the progenitors that give rise 
to satellite cells residing in mature skeletal muscle (Yusuf, 2012). The epaxial portion of 
the myotome forms dorsal muscle structures, while hypaxial domains form the lateral 
trunk and limb muscles (Parker et al., 2003). Post development, skeletal muscle stem 
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cells, or muscle satellite cells, will reside in tissues adjacent to the plasma membrane of 
myofibers, beneath the basement membrane, and will retain their plasticity for 
regeneration (Shi & Garry, 2006).  
 There are various genetic networks regulating the process of myogenesis in both 
embryonic development and postnatal muscle repair following trauma. The myogenic 
regulatory factors (MRFs) – MyoD, Myf5, myogenin and Mrf4 – have been shown to 
have a substantial role in the development and differentiation of the skeletal muscle 
lineage (Weintraub et al., 1991). Either MyoD or Myf5 is explicitly required for the 
commitment of skeletal muscle cells, as the double null of both genetic factors in mice 
results in a complete lack of skeletal muscle and myogenin expression (Rudnicki et al., 
1993). Cells within the dermomyotome express Pax3 and Pax7, which are paired domain 
and homeodomain-containing transcription factors that are important for myogenesis, 
limb formation, and regeneration (Tremblay & Gruss, 1994). While MyoD and Myf5 are 
crucial to the skeletal progenitor cells continued commitment to this lineage, Pax3 is 
expressed in the pre-somatic mesoderm and early epithelial somites indicating that it 
functions upstream of the MRFs and may function as a co-activator (Goulding, 
Lumseden, & Paquette, 1994). Pax7, a paralogue of Pax3, is not seen in the pre-somatic 
mesoderm, but is necessary for differentiation and postnatal formation of skeletal muscle, 
as seen in muscle regeneration following injury (Parker, 2003). Pax7 is expressed in both 
quiescent and activated myogenic satellite cells. In mice that received an intramuscular 
injection of diphtheria toxin causing marked loss of muscle tissue and regeneration, the 
muscle regeneration was rescued post transplantation of Pax7 positive satellite cells alone 
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(Sambasivan et al., 2011). MRF expression in satellite cell lineage in response to muscle 
injury also postulates a shared differentiation process with embryonic development. In 
response to damage to the muscle tissue, activated satellite cells express either MyoD or 
Myf5 when committing to the myogenic lineage before they enter the cell cycle (Hawke 
& Garry, 2001).  
 
The Effects of Aging on the Musculoskeletal System  
 The aging process has great effects on dexterity, range of motion, and overall 
physical fitness as a direct result of both bone and muscle loss in the musculoskeletal 
system (Woolf & Pfleger, 2003). Muscle plays a vital role in maintaining health over the 
course of a lifetime. Muscle mass has been shown to have a direct correlation to skeletal 
support, balance, wound healing, and immune function, among many other critical bodily 
processes (Colloca et al., 2018). With the loss in skeletal muscle strength with age, we 
also see a decrease in ability to mechanically load bone as the density of the bone 
diminishes overtime (Adams et al., 1999). This has been shown to directly relate to bone 
formation, as rates of formation decrease with age and remodeling increases ultimately 
degrading the strength of the bone matrix (Cullen, Smith, & Akhter, 2000). This 
imbalance between bone formation and turnover leads to pathologies such as 
osteoporosis and osteoporotic fractures (Yamaguchi, 2006). This phenomenon is 
especially problematic for women in the aging process. Trabecular bone remodeling 
associated with decreased bone mass increases significantly in women during menopause 
as endogenous estrogen levels drop (Cui, Shen, & Li, 2013). Estrogen is essential for the 
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deposition of the bone matrix as it inhibits bone resorption and facilities bone formation 
(Khosla, Oursler, & Monroe, 2012). Osteoporotic fractures can become more common 
due to the overall weakening of the skeletal system and thinning of the bone (Seeman, 
2002). Additionally, age related osteoporosis can be associated with increased adipocytes 
within the marrow compartment (Justesen et al., 2001). Studies have shown that 
mesenchymal stems cells (MSCs) isolated from the marrow compartment have a 
multilineage potential, displaying the ability to differentiate into adipogenic, 
chondrogenic, and osteogenic lineages (Pittenger et al. 1999). Through culturing human 
MSCs, successful differentiation can be achieved by manipulating certain culture 
conditions for study (Park, Oreffo, & Triffitt, 1999).  
While the MSC’c have a clear propensity for multipotentiality, the muscle stem 
cell multipotency in not clear. It has been observed that the skeletal muscle of the elderly 
often atrophies and shows signs of increased adipose tissue and denervated muscle (Dulor 
er al., 1998). This denervation results in loss of muscle strength, rapid atrophy, and 
progressive degeneration of fibers which perpetuates a greater accumulation of 
connective and fatty tissue (Hosoyama, Isgiguro, Yamanouchi, & Nishihara, 2009). 
Further understanding the ability for muscle stem cell to differentiate into the adipogenic 
cell lineage, among other lineages, could help to slow degenerative processes associated 




Prx1 and Pax7  
 Several genes have been identified as having a major role in the growth and 
development of the musculoskeletal system and myogenesis. Pax7 has been identified as 
a paired-box transcription factor that regulates the process of myogenesis through muscle 
precursor cell proliferation in development and repair when fibers are damaged (Chargé 
& Rudnicki, 2004). Pax7 is expressed in inactive or quiescent sub-laminar muscle 
satellite cells that are primarily localized to the basal lamina that surrounds each myofiber 
and function as a source for cell growth, renewal for mature skeletal muscle, and can 
become active following trauma (Kuang et al., 2006; Collins et al., 2005). When Pax7 is 
neutralized in mice skeletal muscle, myogenic cells displayed functional abnormalities as 
skeletal muscle regeneration was significantly reduced, demonstrating their importance to 
the process of myogenesis and restorative processes (Seale et al., 2000). In terms of bone 
fracture healing and HO, Pax7 has been shown to regulate osteogenic growth factors such 
as BMPs, insulin like growth factor 1, and fibroblast growth factor, which all work to 
support the periosteum (Abou-Khalil et al., 2015). However, Pax7 satellite cells do not 
differentiate into osteoblasts, revealing that this cell population is not particularly 
important to the bone formation mechanism seen in HO (Matthews et al., 2016). The role 
of Pax7 in both myogenic proliferation and periosteum support could indicate 
multipotency for this cell population under certain injury conditions (Bragdon et al., 
2018).  
Prx1 is a homeobox protein, that is localized to the nucleus and functions as a 
coactivator in transcription (Norris & Kern, 2001). During embryonic development, Prx1 
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is limited to the mesoderm and later is expressed in mesenchymal tissues in mice models 
(Cserjesi et al., 1992). This homeobox gene has been shown to be involved in the 
regulation of the axial skeleton and organization of limb structure (Hu et al., 1998). Mice 
with a complete knockout of the Prx1 gene displayed severe defects in the formation of 
the appendicular and axial skeleton, such as postaxial polydactyly, middle and inner ear 
defects, and reduction or loss of skull bones (Berge et al., 1998). During fracture healing, 
Prx1 expression has been seen in the periosteum indicating a population of progenitor 
cells that are contributing to the fracture callus that forms around the site of injury 
(Kawanami, Matchuhita, Chan, & Murakami, 2009). A lack of fracture callus formation 
and spontaneous fracture in adult mice can be observed when BMP2 is nullified in Prx1-
Cre cells within the limb mesenchyme (Tsuji et al., 2006). Post-natal Prx1 expressing 
stem cells have also been identified in the calvaria and axial skeleton (Ouyang et al., 
2014). In in vivo mouse studies, this calvarial niche of cells were heterotropically 
transplanted into sites with subcritical calvarial defects and able to differentiate into 
osteoblasts and undergo bone regeneration (Wilk et al., 2017).  
Recent studies have shown the role that Prx1 plays in regulating mesenchymal 
precursors cells, and thus postulate an even larger role in the musculoskeletal system and 
possibly adipogenesis. Prx1 knockout mice showed decreased transforming growth factor 
- b (TGBb) ligand expression within adult adipose tissue in mice, indicating its regulation 
in adipogenesis, and had increased expression in white adipose tissue (WAT) during 
obesity states (Du et al., 2013). Prx1 cells have an evident potential for differentiation 
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into multiple cell lineages, but their multipotency within a skeletal muscle stem cell 




 Aim 1: Establish primary culturing conditions for the muscle cells containing the 
Pax7 and Prx1 populations. Using the Pax7/Ai14/Rag and Prx1/Ai14/Rag reporter 
animals, tamoxifen will be used to induce the fluorescent tag of the respective cell 
populations. Cells will be isolated from the muscle tissue of these transgenic reporter 
mouse strains and cultured. The optimal conditions for cells to reach confluency will be 
determined.   
 
 Aim 2: Assess the differentiation potential of both the Pax7 and Prx1 cell 
populations derived from muscle. Standard differentiating protocols will be used to drive 
differentiation toward the osteogenic, adipogenic, and myogenic lineages. Functional 
assays will be used to confirm differentiation.   
 
 Aim 3: Determine the viability of culturing muscle derived Prx1 cell populations 
isolated from older animals. Assess proliferation and differentiation potential of the cells 
derived from the older animals. Specifically evaluate whether there is a greater 










All animal studies were approved by the Institutional Animal Care and Use 
Committee at Boston University. The tamoxifen inducible Pax7tm1(cre/ER2)Gaka/J transgenic 
mice were crossed with B6.Cg-Gt(ROSA)26sor<tm14(CAG-tdTomato)Hze>/J  to create 
Pax7/Ai14 reporter. These animals were subsequently crossed with B6,129S7-
Rag1tm1Mom/J mice and the strain was called Pax7/Ai14/Rag. The tamoxifen inducible 
Prx1CreER-GFP mouse was crossed with the B6.Cg-Gt(ROSA)26sor<tm14(CAG-
tdTomato)Hze>/J mouse to create Prx1/Ai14 reporter animal and crossed with B6,129S7-
Rag1tm1Mom/J mice and the strain was called Prx1/Ai14/Rag. All mice were breed and 
housed at the BU Animal facilities under standard conditions. Female and male mice 
were used in all non-aging related studies ranging from 9 to 12 weeks old. All animals 
used during aging studies were female and approximately 24 weeks of age.  
 
Tamoxifen Injections 
All work with Tamoxifen was done within a chemical safety hood. Tamoxifen 
(TMX) was prepared at 10 mg/ml by adding 40 mL of corn oil with 400 mg of tamoxifen. 
Tamoxifen was solvated using a sonicator in an ice-cold ethanol bath. The tamoxifen was 
sonicated in periods of 15 minutes for approximately 1 hour, until the solution was 
virtually homogenous.  The fully dissolved solution was then sterile filtered using an in-
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line 0.45 µm sterile syringe filter with a 10 ml syringe, aliquoted into 2 ml vials, and 
stored at -80 °C until use. 
Each mouse received 2 injections of tamoxifen, each 48 hours apart and at least 
three days before harvesting.  Injections were delivered intraperitoneally with a dose of 
10 µL/g of body weight.  
 
Harvesting Muscle Cells  
  Mice were euthanized by carbon dioxide inhalation followed by cervical 
dislocation. Immediately following death, mice were transferred to a petri dish with 
betadine and the hind limbs were removed using sterile surgical tools. Hind-limb muscle 
tissue was removed and meticulously dissected to isolate muscle tissue from vasculature 
and other connective tissues. Muscle pieces were then transferred to a 50ml corning tube 
with filtered digestion buffer containing Basal medium (see Table 2), 0.01g of 
collagenase P (Sigma Aldrich, Natick, MA) per 10ml of medium, and 20	µL of DNase I 
(Sigma Aldrich, Natick, MA) per 10ml of medium. The corning tubes were sealed and 
placed within an incubator at 37°C and agitated for one hour. After the incubation period, 
muscle pieces were broken up using a 10ml syringe and passed through a 40-µm Nylon 
cell strainer into a fresh 50ml corning tube. Cells were centrifuged at 1100rpm for 5 
minutes. The supernatant was removed and the cells were resuspended into the specified 
media needed for cell culture of target cell lineage. The cells were counted, re-suspended 




Coating the Culture Dishes 
 In order to enhance collagen specific integrin facilitated attachment, 2% gelatin 
solution was prepared. This solution was then autoclaved in order to ensure that the 
gelatin powder was completely dissolved. Once the solution was cooled to room 
temperature, it was aliquoted in 5ml quantities into 15 ml conical tubes and stored at 4°C 
where it would solidify. To coat the plates, the gelatin solution was heated until 
completely liquefied. It was then distributed 150 - 200 µL per well, on a 24-well plate. 
The plates were gently swirled to insure even coating of the plating surface and left to sit 
at room temperature for at least one hour. Using a Pasteur pipette, the solution was 
removed from the well, leaving a thin coat of gelatin. The plates were left to sit for at 
least 30 minutes before plating cells.  
 
Cell Culture  
 All media were supplemented with 1% antibiotic-antimycotic (Gibco - Thermo 
Fisher Scientific, Waltham, MA) to prevent bacterial and fungal contamination. Media 
was changed every 3 days to insure optimal nutrition conditions for cell proliferation. 
Cell culture period was determined by the date at which cell confluence reached 
approximately 80-85% percent per well.  
 
Vital Staining of Mineralization by Tetracycline  
 On days 12 and 15 of the osteogenic cell culture, 25 µg of Tetracycline (Alfa 
Aesar, Ward Hill, MA) was added per 1 ml of media. Tetracycline was first added to the 
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osteogenic media and sterile filtered before the solution was fed to the cells. On day 21 of 
cell culture before the media was removed, the cells were imaged.  
 
Perilipin Immunofluorescence Staining for Lipid Droplet Quantification 
 At the end of cell culture, the media was removed from the 24 well plates and the 
cells were fixed in a 2% Paraformaldehyde (PFA) solution. All immunofluorescent 
staining was done in a dark room to avoid light exposure and bleaching. The fixative was 
removed from the wells and the cells were blocked using Antibody Dilution and 
Blocking Buffer Solution (10µL Triton x-100 into to 10 ml PBS, then adding 0.1g of 
BSA). The specimen was blocked for 60 minutes, and cells were washed three times with 
1X PBS for 5 minutes per wash. To prepare the primary antibody, Anti-Perilipin antibody 
(ab:61682, abcam, Cambridge, MA) it was diluted with Blocking Buffer solution in a 1: 
200 ratio. The diluted primary antibody was distributed 20 µL per well for a 24 well 
plate, and left to incubate overnight at 4°C. The next day the wells were rinsed three 
times in 1X PBS for 5 minutes each. The wells were then incubated in the secondary 
antibody, Donkey polyclonal Secondary Antibody to Rabbit IgG - H&L (Alexa Fluor® 
488), in a 1:1000 dilution for 60 minutes at room temperature. The wells were then rinsed 
three times in 1X PBS for 5 minutes each and imaged.  
 
Oil Red O Staining Procedure for Lipid Droplet Quantification  
 Oil Red O Stock Solution, was made by dissolving Oil Red O (Sigma Aldrich, 
Natick, MA) in 20 ml of 100% isopropanol, mixed well and let to sit for 20 min. The Oil 
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Red O working solution was made by adding 6.0 ml stock to 4.0 ml of deionized water, 
then sterile filtered. At day 28 of cell culture, media was removed from wells and cells 
were fixed using a 2% PFA solution. The fixative was removed and wells were washed 
with 1X PBS. The wells were then aspirated completely and 20 µL of freshly prepared 
Oil Red O working solution was added. The staining solution was incubated for 20 
minutes at room temperature. At the end of the incubation period the staining solution 
was removed, cells were washed with 1X PBS and cells were imaged.  
 
Imaging 
 All images of cell culture plates were taken on an OLYMPUS Inverted IMT2, 
Phase Imaging microscope with fluorescence using a CoolSnap-Procf Color camera 
attachment. The imaging program used to process and edit images was Image-Pro Plus 
6.0.  
  
RNA Extraction  
 At the end of cell culture, media was removed and RNA was extracted by adding 
.35 ml of Trizol to each well. A cell scraper was use to detach cells from the plate. Cells 
were then transferred to a 1.5 ml eppendorf tube, vortexed and 70 µL of chloroform was 
added. After an additional vortex, cells were left on ice for 2 minutes, vortexed again, 
then centrifuged at 14000rpm, at 4°C for 15 minutes. The aqueous phase was then 
transferred to a new eppendorf tube and an equal volume of isopropanol was added. The 
tube was centrifuged again at 14000rpm, at 4°C for 30 minutes. The supernatant was 
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removed and the pellet was washed with 175 µL 70% EtOH twice. The pellet was then 
re-suspended in 15 µL of RNase free water.  
 To assure the success of extraction of the RNA from samples, the samples were 
electrophoresed in a 1% agarose gel supplemented with GelStarTM Nucleic Acid Gel 
Stain (Lonza Rockland, Inc., Rockland, ME). Depending on the gel, samples showing 
signs of degradation or that were absent on the gel were excluded from further analysis. 
To determine the concentration of the RNA samples, the samples were tested with a 
NanoDrop ND-1000 Spectrophotometer (NanoDrop Technologies, Inc., Wilmington, 
DE).  
 
Reverse Transcription  
 After determining the concentration, each viable RNA sample was reverse 
transcribed. In each reaction, 9 µL of cDNA sample was diluted with Ultrapure Distilled 
water to 10.4 µL then mixed with MgCl2 (6.61 µL), dNTP Mix (6.0 µL), 10X RT buffer 
(3.0 µL), random hexamers (1.5 µL), RNase Inhibitor (0.6 µL), and TaqManTM Reverse 
Transcriptase (1.89 µL) to a total volume of 30 µL. The PCR tubes were plated into the 
Eppendorf Mastercycler Personal (Eppendorf®, Hamburg, Germany) and underwent the 
following cycles: 25°C for 10 minutes, 37°C for 60 minutes, and 95°C for five minutes. 
The complementary DNA (cDNA) was diluted 1:50 and stored at -20°C until use for 




Quantitative Real-time Polymerase Chain Reaction 
 Quantitative real time PCR was used to determine the relative expression of key 
markers of the osteogenic, adipogenic, and myogenic linages (see Table 1). In each qRT-
PCR reaction, 9 µL of each cDNA sample was added to 10 µL TaqManTM Universal 
PCR Master Mix (Thermo Fisher, Scientific, Waltham, MA) and 1 µL of the primer set. 
Negative controls in each reaction were prepared with 9 µL Ultrapure Distilled Water, 10 
µL Universal PCR Master Mix, and 1 µL of the primer set. A clear film (Life 
Technologies Corporation, Carlsbad, CA) was applied to the 96 well plate after 
preparation and centrifuged at 1500rpm for 2 minutes. The qRT-PCR reaction was 
performed using the 7300 Real time PCR System (Applied Biosystems, Foster City, CA) 
and the qRT-PCR reaction was performed under the following conditions: 50°C for two 
minutes, 95°C for 10 minutes, 95°C for 15 seconds repeated 40 times, and 60°C for one 
minute. Each sample was run in duplicate and normalized to 18s rRNA. Graphs to 











Table 1. Primers for Genes of Interest for qRT-PCR. All primers were included with 
the FAMTM reporter dye. All primers were purchased from Thermo Fisher Scientific, 





Assay ID Protein and Function 
Rn18s Mm04277571_s1 
 





Perilipin 1; Coats Lipid 





Protein 1; Regulation in 
Muscle Differentiation 
 
Sp7  Mm04933803_m1 
 
Osterix; A Transcription 
Factor Important for 
Differentiation of 
Mesenchymal Precursor Cells 











Determining Optimal Culture Conditions for Muscle Derived Cells   
 Previous studies have indicated that myogenic progenitor cells adhere more 
readily to cell culture dishes coated with specific extracellular matrix constituents such as 
gelatin or Matrigel (Danoviz & Yablonka-Reuveni, 2012). Applying this method to the 
hind-limb muscle cells, gelatin was used as the extracellular matrix tissue culture surface, 
and tested to see whether it impacted the selection of cells from the muscle digests. Two 
different seeding densities were tested, 1 x104 and 2.2 x104. As expected, cells that were 
grown on a 2% gelatin plating surface showed greater adherence and overall cell survival 
in comparison to those grown on the non-coated plates (see Figure 3). Little to no viable 
cells could be observed on the non-coated plate at either density for cells grown in Basal 
Media (BM). Cells grown on the coated plate at 1 x 104 seeding density reached early 
stages of differentiation. This can be seen in the slight elongation of the round central 
structure of the individual cells.  For the cells plated at 2.2 x 104 density, cells showed 
increased clustering and a greater degree of elongation in comparison to the lower density 
wells (see Figure 3). Once it was determined that seeding the cells at a density of 2.2 x 
104, on coated plates had overall greater amounts of cell survival and proliferation, 




Figure 3. Coated vs Non-Coated Plates for Muscle Stem Cells in Culture in Basal 
Media. All four wells were grown in Basal Media (see Table 2 for specific contents of 
BM). These images were taken on Day 12 of cell culture, at 10x magnification, and in 
bright-field. A) Image depicts harvested muscle stem cells plated at a 1 x 104 density, on 
a coated plate. The red arrow is indicating an example of a muscle derived stem cell 
elongating, indicative of early stage myogenic differentiation. B) Image depicts harvested 
muscle stem cells plated at a 1 x 104 density, on a non-coated plate. C) Image depicts 
harvested muscle stem cells plated at a 2.2 x 104 density, on a coated plate. The red arrow 
is indicating an example of a muscle derived stem cell elongating, indicative of early 
stage myogenic differentiation. D) Image depicts harvested muscle stem cells plated at a 
2.2 x 104 density, on a non-coated plate. 
 
Characterizing the Differentiation Potential of Prx1 Muscle Cells   
In order to address the ability of muscle derived Prx1 stem cells to differentiate 
into myogenic, adipogenic, and osteogenic lineages, the specific constituents of the 
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culture media were modified accordingly.  Two different medias were used to determine 
the optimal conditions to induce myogenic differentiation, continuous culturing in 
Growth Media (GM) or initially grown in GM media then switched to a reduced richness 
Differentiating Media (DM) on day five of the cell culture period. Cells grown in the GM 
only condition proliferated, and showed signs of both myogenic and adipogenic cell 
differentiation. This was observed by the presence of elongated spindle like structures 
and clusters of lipid droplets dispersed throughout the wells (see Figure 4). In 
comparison, cells that were differentiated on day five showed less proliferation overall 
and produced only cells that exhibited myogenic lineage differentiation. Cells showed 
signs of elongation indicative of early myogenic differentiation (Bentzinger et al., 2012). 
Independent of culture condition, Prx1 expressing cells were marked by the expression of 
the fluorescent protein, tdTomato, and were cultured successfully. The images collected 
from the cell culture in GM only condition suggest that this Prx1 cell population 
differentiated toward the myogenic and adipogenic lineages (see Figure 4). Results from 
qRT-PCR showed that Myod1 was present in all the culture conditions. Additionally, 
analysis showed that GM- had the largest levels of Myod1 expression while cells grown 







Table 2. Culture Medium Conditions. All conditions were supplemented with 1% 
antibiotic-antimycotic (Gibco - Thermo Fisher Scientific, Waltham, MA). Each media 
was created with differing bases, differential supplements, and additional supplements to 
manipulate the differentiation potential of muscle derived stem cells. Seeding densities 












Abbreviation GM DM GM- GMOI BM 
Cell Lineage 





Density 2.2 x 10
4 2.2 x 105 N/A 





























µL/1ml media) N/A 
Additional 
Supplements N/A N/A N/A 
Ascorbic Acid4 
(2 µL/1ml per 





1Basal medium was explored as a cell culture option in earlier cell differentiation studies, 
but was ultimately excluded as a viable culture media due to poor cell performance. The 
medium was used during the digestion phase of the muscle cell harvest procedure. 





Figure 4. GM vs GM/DM Media Condition for Prx1 Muscle Cell Cultures. All 
Photos were taken at 10x magnification, on day 21 of cell culture. Contents for the GM 
and DM medias can be found in Table 2. A) Image taken in bright-field of cells grown in 
GM only culture condition. Cells present are a mix of muscle progenitor cells and lipid 
droplets. Red arrow indicates muscle progenitor example and the blue arrow indicates a 
lipid droplet cluster. B) Corresponding image of cells from image A grown in GM only 
condition taken in tdTomato immunoflorescent channel. Red indicates cells expressing 
Prx1. C) Image taken in bright-field of cells grown in GM initially then switched to DM 
on day five. Red arrow indicates an example of a muscle progenitor cell that is positive 
for Prx1 expression, the corresponding florescent cell is marked by the blue arrow in 
image D. D). Corresponding image of cells from image C cells grown in GM condition 
then switched to DM on day five taken in tdTomato immunoflorescent channel. Red 
indicates cells expressing Prx1. The blue arrow indicates the positive Prx1 muscle cell 





Figure 5. Gene Expression of Myod1 in Prx1/Ai14/Rag Reporter Mice. Myod1 
expression levels were plotted for various differentiation medium groups GM-, GMOI, 
and GM. Gene expression was measured using qRT-PCR and experimental CT values 
were normalized to 18s gene expression (n=1).  
 
In order to characterize the potential for muscle derived stem cells to follow the 
adipogenic lineage, Growth Media (GM) was modified after the presence of lipid 
droplets was observed in the wells grown with this media. The supplement Chick Embryo 
Extract (CEE) was removed and the new media was dubbed Growth Media Minus Chick 
Embryo (GM-). Cells were cultured in GM- condition throughout the entirety of the 
culture period requiring no extra differentiation step. Cells grown in this culture 
displayed a mix of both cells that differentiated into myogenic and adipogenic lineages. 
Lipid droplets appeared to be increased in number by comparison to those seen in the 
GM media only condition. Prx1 positive cells were present in the lipid droplets and 
myogenic progenitor cells (see Figure 6).  
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Figure 6. Muscle Derived Cells Grown in GM- Media Condition. All images were 
taken at 20x magnification, on Day 21 of cell culture. Cells were cultured in GM- 
condition. A) Image taken in bright-field depicting a mix of myogenic and adipogenic 
cell types. B) Image of cells grown in GM- condition taken in tdTomato 
immunoflorescent channel. Red indicates cells expressing Prx1. Shows positive Prx1 
myogenic and adipogenic cells. C) An overlay of florescent Prx1 positive cells with same 
cells imaged in bright-field. Blue arrow points to an example of a lipid droplet cluster 
positive for Prx1.  
 
 To validate adipogenic differentiation, Oil Red O staining was used with the cell 
cultures. Oil Red O is an assay that can quantify lipid content by staining neutral lipids, 
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such as triglycerides with an orange-red tint (Lillie & Ashburn, 1943). The lipid droplets 
were clearly labeled with Oil Red O indicating adipocytes were present from the muscle 
derived cells (see Figure 8). Further immunofluorescence was used with Perilipin 
antibody to specifically label adipocytes. Cells labeled with Perilipin were present within 
the cell cultures indicated by green labeling. The Prx1 cell population marked by the red 
fluorescence showed overlay with cells labeled by Perilipin (see Figure 7). The qRT-PCR 
analysis showed that adipogenic genes were present in samples from all three culture 
conditions. Cells grown in the GM culture condition showed the largest levels of Plin1 
gene expression while cells from the GM- condition showed the lowest expression for 





Figure 7. Lipid Droplets Positive for Prx1 and Perilipin. All images were taken at 10x 
magnification, on day 21 of cell culture. Cells were cultured in GM- only condition. A) 
Image of lipid droplets in bright-field. B) Image of cells grown in GM- condition taken in 
tdTomato immunoflorescent channel. Red indicates Prx1positive cells. Lipid droplets are 
positive for Prx1. C) Immunofluorescent Perilipin is indicated by green coloring. Lipid 
droplets are positive for Perilipin staining. D) An overlaid image of red cells indicating 
Prx1 expression on top of the original bright-field image. The blue arrows indicate a cell 
that is both positive for Prx1 and Perilipin. Corresponding Perilipin stained cell in image 
E. E) An overlaid image of Perilipin staining cells, indicated by green coloring, over the 




Figure 8. Oil Red O Staining of Lipid Droplets. Both images were taken in 20x 
magnification, in bright-field. Cells were cultured for 21 days in GM- only media 
condition. A) The original bright-field image with no staining applied. B) Lipid droplets 




Figure 9. Gene Expression of Plin1 in Prx1/Ai14/Rag Reporter Mice. Plin1 
expression levels were plotted for various differentiation medium groups GM-, GMOI, 
and GM. Gene expression was measured using qRT-PCR and experimental CT values 
were normalized to 18s gene expression (n=1).  
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To investigate the osteogenic potential of these Prx1 muscle stem cells, they were 
grown in GM and differentiated using an Osteo-inductive Media (GMOI) (see Table 2 for 
contents). The differentiation step was done on day five of cell culture. In order to assess 
whether osteogeneic cells were present, tetracycline was introduced to the cell culture at 
days 12 and 15. Tetracycline is taken up by newly-formed bone and is intensely 
fluorescent. Therefore, is a useful detection method of calcification (Gerstenfeld et al., 
1987; Perrin, 1965). The presence of fluorescence after the induction of tetracycline was 
observed in Prx1 positive cells (see Figure 10). This calcification is indicative of muscle 
cell differentiation toward the osteogenic lineage. Despite the presence of calcification, 
qRT-PCR analysis for all Prx1 samples revealed undetectable values of Sp7 gene 
expression (data not shown). 
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Figure 10. Prx1 Expressing Muscle Cells Grown in Osteo-Inductive Media (GMOI) 
Positive for Tetracycline. All images taken in 10x magnification, on day 25 of cell 
culture. Cells were originally grown in GM then differentiated on day five of culture 
using Osteo-inductive media (GMOI). The seeding density for plating was 2.2 x 105 in 
order to insure adequate proliferation. A) The original bright-field image of an osteogenic 
cell cluster. B) tdTomato immunoflorescent, Prx1 positive cells indicated by red coloring. 
C) Green indicates cells that have taken up tetracycline, indicative of calcification. D) 
Overlaid image of the Prx1 positive cells of those observed in bright-field. Blue arrow 
indicates cluster of cells also positive for tetracycline as seen in image E. E) Overlaid 
image of tetracycline positive cells with cells imaged in bright-field. Blue arrow is the 
corresponding cluster of cells from image D. 
 
Characterizing the Differentiation Potential of Pax7 Muscle Cells   
 To assess the differentiation potential of muscle derived Pax7 satellite cells, the 
same media conditions were tested as with Prx1 for forcing the myogenic, adipogenic, 
and osteogenic cell lineages. For cells grown in the Growth Media (GM) condition, a 
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mixture of adipogenic and myogenic cells were observed (see Figure 11). Myogenic cells 
showed signs of clustering, or fusion of the spindle like structures indicative of myogenic 
differentiation, and the presence of lipid droplets was observed. The cell types did not 
fluoresce indicating a lack of cells expressing Pax7. For cells derived from the 
Pax7/Ai14/Rag reporter animals, cells grown in the GM condition showed expression for 
Myod1 while, cells from the GMOI condition showed no Myod1 expression (see Figure 
12). Cells taken from the GM- condition wells did not have a high enough concentration 
following RNA extraction to perform qRT-PCR, and were thus unable to undergo further 
analysis for any of the markers tested. 
Figure 11. Pax7/Ai14/Rag Reporter Mice Muscle Cells Grown in GM Condition. 
Images were taken on day 21 of cell culture and grown in GM throughout the entirety of 
the culture period. Cell cultures did not produce florescent cells indicative of Pax7 
expression. A) Image of myogenic and adipogenic cell clusters taken at 10x 
magnification. B) Image of myogenic cells fusing together to form muscle fiber. Image 





Figure 12. Gene Expression of Myod1 in Pax7/Ai14/Rag Reporter Mice. Myod1 
expression levels were plotted for differentiation medium groups GMOI and GM. Gene 
expression was measured using qRT-PCR and experimental CT values were normalized 
to 18s gene expression (n=1).   
 
Cells grown in the GM- condition displayed a propensity to differentiate into both 
myogenic and adipogenic linages, indicated by the presence of typical elongated cells and 
lipid droplets (Figure 13). However, no positive Pax7 expression was observed. For cells 
derived from the Pax7/Ai14/Rag reporter animals, cells grown in the GM condition 
showed expression for Plin1 and no expression in the GMOI condition (see Figure 14).  
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Figure 13. Pax7/Ai14/Rag Reporter Mice Muscle Cells Grown in GM- Condition. 
Images were taken on day 21 of cell culture and grown in GM- throughout the entirety of 
the culture period. Cell cultures did not produce florescent cells indicative of Pax7 
expression. A- B) Two examples of the mixture of myogenic and adipogenic cells taken 
at 10x magnification. 
 
 
Figure 14. Gene Expression of Plin1 in Pax7/Ai14/Rag Reporter Mice. Plin1 
expression levels were plotted for differentiation medium groups GMOI and GM. Gene 
expression was measured using qRT-PCR and experimental CT values were normalized 




 Harvested muscle cells were grown with the Osteo-inductive Media (GMOI) to 
target the osteogenic cell lineage. As with Prx1 cells, these Pax7 cells were cultured in 
GM initially then differentiated on day five with the GMOI media. Tetracycline was 
introduced on days 12 and 15 to determine the presence of calcification. At the end of the 
cell culture period, clusters of cells were present (see Figure 15). Minute amounts of red 
florescence is observed indicating Pax7 expression. Cells also showed green florescence 
indicative of calcification however, background expression is present. From qRT-PCR 
analysis, samples from the GMOI condition showed expression for Sp7 while there was 





Figure 15. Pax7 Muscle Cells Grown in Osteo-inductive Media (GMOI) Positive for 
Tetracycline. All images taken in 20x magnification, on day 25 of cell culture. Cells 
were originally grown in GM then differentiated on day five of culture using Osteo-
inductive media (GMOI). The seeding density for plating was 2.2 x 105 in order to insure 
adequate proliferation. A) The original bright-field image of an osteogenic cell cluster. B) 
tdTomato immunoflorescent Pax7 positive cells indicated by red coloring. C) Green 
indicates cells that have taken up tetracycline, indicative of calcification. Background 
florescence is visible. D) Overlaid image of the Pax7 positive cells of those observed in 
bright-field. Blue arrow is faintly Pax7 expressing cell that corresponds to a tetracycline 
positively expressing cell in image E. E) Overlaid image of tetracycline positive cells 





Figure 16. Gene Expression of Sp7 in Pax7/Ai14/Rag Reporter Mice. Sp7 expression 
levels were plotted for differentiation medium groups GMOI and GM. Gene expression 
was measured using qRT-PCR and experimental CT values were normalized to 18s gene 
expression (n=1).   
 
Adipocyte Content in Aging Animals  
 Once it was clear that adipocytes expressing Prx1 could be cultured from young 
animals, questions into to whether the same could be seen in older animal samples and 
whether lipid content would increase, were addressed. To access the adipogenic 
differentiation ability of stem cell populations isolated from older animals, cells were 
isolated from 24-week-old mice. The Prx1/Ai/Rag were used for this study to investigate 
the Prx1 cell population. It is known that the available Pax7 cells decrease with age, but 
less is known about the Prx1 cell population (Collins et al., 2009). Cells were cultured in 
GM- condition for a 21-day period. Cells differentiated into the adipogenic lineage 
indicated by the presence of lipid droplets (see Figure 17). Cells were grown alongside 
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younger animal cells that were 9 weeks of age at the point of tissue harvest for 
comparison. The gene expression of Plin1 in younger animal samples was greater in 
comparison to that of older animal samples (see Figure 18).  
Figure 17. Young Animal vs. Older Animal Adipogenic Cells. All images were taken 
at 10x magnification, on day 21 of cell culture. Cells were cultured in GM- only 
condition. A) Image of lipid droplets in bright-field from a younger animal. B) Image of 
younger animal cells grown in GM- condition taken in immunoflorescent channel. Red 
indicates cells expressing Prx1. Lipid droplets are positive for Prx1. C) An overlaid 
image of red cells indicating Prx1 expression on top of the original bright-field image for 
younger animal. D) Image of lipid droplets in bright-field from an older animal. E) Image 
of older animal cells grown in GM- condition taken in immunoflorescent channel. Red 
indicates cells expressing Prx1. Lipid droplets are positive for Prx1. F) An overlaid image 





Figure 18. Gene Expression of Plin1 Comparison Between Younger and Older 
Animals. Plin1 expression levels were plotted for and GM condition in Prx1/Ai/Rag 
reporter animals. Gene expression was measured using q-RTPCR and experimental CT 






Base Line Culture Conditions for Muscle Derived Stem Cell Differentiation 
Coating matrices used in cell culture have been shown to improve cell adhesion, 
myogenic cell proliferation, differentiation and renewal as they are meant to mimic the 
native environments of cells in vivo (Danoviz & Yablonka-Reuveni, 2012). In this study, 
cells cultured on plates coated in gelatin as an extracellular matrix constituent, paired 
with higher plating densities, proved to be the optimal environment for culturing the 
muscle derived stem cells.  Going forward, this technique can help to increase cell growth 
over short periods of time, effectively shortening culture periods to maximize the number 
of samples that can be obtained.  
In regards to developing the media components to force specific differentiation, 
previous studies have indicated the importance of horse serum on myotube formation, as 
its components reflect important extracellular elements such as laminin, normally found 
in the basement membrane of cells, that drive proliferation, differentiation, and renewal 
of myogenic progenitor cells (Lawson & Purslow, 2000). Thus, the components thought 
to drive myogenic differentiation in the culture media tested here, was a horse serum and 
chick embryo extract combination, and a switch to less rich media a few days after the 
initial plating. Reduced chick embryo extract was hypothesized as the component that 
could be altered to increase adipogenic cell differentiation, and was thus removed from 
the media to create our GM- condition, which proved to be an effective adipogenic 
differentiation media. Future studies may benefit from modifying the amount of CEE in 




Myogenic and Adipogenic Differentiation Potential of Muscle Derived Stem Cells 
Cells grown in both the GM and GM- conditions produced myogenic and 
adipogenic cell types. While it appeared in cell culture dishes that GM- produced 
proportionally more lipid droplets in comparison to the GM condition, the opposite was 
reflected in qRT-PCR data. Possibly due to the fact that both adipogenic and myogenic 
cell types were present in either media condition, and the GM- condition may not have 
been as effective in facilitating proliferative activities as GM. The highest levels of Plin1 
expression were in the GM condition samples, and the lowest levels of expression were 
observed in the GM- samples for Prx1/Ai14/Rag mice cells (see Figure 9). Importantly, 
both myogenic and adipogenic cell types showed clear immunofluorescence in culture, 
indicative of cells that expressed Prx1 at the time of tamoxifen injection (see Figures 4, 6, 
and 7). This further validates the multipotency of Prx1 derived muscle stem cells. 
Identifying this cell population’s involvement in adult skeletal muscle cells allows for 
further study into its prospects in muscle regeneration in response to trauma and 
increased adipogenesis that appears with age.  
Cells that were harvested from the Pax7 animals did not show fluorescently 
tagged cells  in either the GM or GM- conditions (see Figures 11 and 13). This comes as 
a surprise specifically for the myogenic cell types that can be morphologically observed, 
as Pax7 has been well documented for expressing in quiescent sub-laminar muscle 
satellite cells (Kuang et al., 2006). This could be accounted for in that Pax7 positive cells 
tend to decrease with age	(Collins et al., 2009). This could play a factor in the number of 
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viable cells that were able to be obtained in this study. Additionally, there may have been 
positively expressing Pax7 cells at the time of tamoxifen injection, but during the 
digestion phase and plating, those cells did not have high rates of survival. Myod1 
expression was quantified with qRT-PCR for Pax7/Ai14/Rag animal cells further 
validating that differentiation into myogenic lineages is possible with the GM conditions 
used. 
 
The Osteogenic Potential of Muscle Derived Stem Cells  
In regards to osteogenic cell type differentiation, cells derived from Prx1 animals 
showed clear tetracycline staining with little to no background, and cell clustering 
consistent with osteogenic cell precursors. Positive Prx1 expression was observed in 
tetracycline positive cells as expected, due to the well-defined role of Prx1 in the 
embryological development of bone in the axial skeletal and calvaria structures (Ouyang 
et al., 2014). Pax7 derived cells were morphologically unidentifiable, but showed positive 
tetracycline staining indicative of calcification. However, considerable background 
staining is present in imaged Pax7 animal samples. There was little to no positive Pax7 
expression in cells grown in GMOI conditions, nor in tetracycline positive cells. This was 
expected as Pax7 has been known to play a larger role in muscle cell development than 
osteogenic differentiation (Matthews et al., 2016).  
When samples were run with qRT-PCR, mixed results were observed. While 
there appeared to be no differentiation into myogenic or adipogenic cell types for either 
Prx1 or Pax7 animal cell cultures when directly viewed in culture dishes, Prx1 cell 
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culture samples grown in GMOI condition showed both Plin1 and Myod expression. This 
indicates that some cells may have differentiated into non-osteogenic lineages when cells 
were initially cultured in GM before being switched to the Osteo-inductive Media on day 
5, further validating the findings that Prx1 derived cells are capable of multiple 
differentiation lineages. However, GMOI samples for Pax7 animals showed no 
expression for Myod or Plin1, while showing measurable levels of Sp7 expression. This 
is a particularly unusual finding as the cells were derived from the same tissues types, 
under the exact same culture conditions, and should have followed similar differentiation 
paths despite Pax7/Prx1 expression. Additional studies are necessary to determine the 
true identity of the morphologically ambiguous cell types seen in Pax7 derived cell 
cultures, as well as to address the apparent differences that were observed between Prx1 
and Pax7 stem cells populations. However, this study’s findings show through 
tetracycline positive staining and Sp7 expression, that there are indications that muscle 
derived stem cell activation through some microenvironment stimulus, or in this case 
alterations to media conditions, could explain the appearance of heterotopic ossification 
in muscle tissue often seen in response to trauma.  
 
Aging and Adipogenic Potential in Prx1 Muscle Derived Stem Cells  
Addressing whether there is a difference in adipogenic cell content between 
younger and older animals has clinical importance as it relates to the general 
degeneration observed in aging. We specifically see greater levels of adipogenesis in 
various aspects of the musculoskeletal system as we age, including higher fat content in 
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the marrow compartment and increased adipose tissue in and around the skeletal muscle 
(Takeshita, Fumoto, Naoe, & Ikeda 2014; Marcus et al., 2010). The results of this study 
indicated that muscle derived stem cells could be differentiated into adipogenic cell types 
using the GM- condition in both younger and older animals (see Figure 17). These lipid 
droplet clusters were positive for Prx1 expression, further implicating muscle stem cells 
ability for multi-lineage differentiation and identifying a possible target for therapeutic 
approaches to reduce adipogenesis. In comparing the relative lipid content of the younger 
animals to older animals, qRT-PCR was run. Unexpectedly, the younger animal showed a 
greater average expression of Plin1 in comparison to the older animal sample (see Figure 
18). The viability of harvested stem cells of the younger animal could account for this 
result, as previous studies show that older animals MSC’s show increased senescence and 
thus decreased ability to differentiate (Stenderup, Justesen, Clausen, & Kassem, 2003).  
 
Limitations 
A major limitation to this study was the  sample size for qRT-PCR analysis. In the 
RNA extraction step of harvesting the plates at the end of cell culture, there appeared to 
be an issue in either removing the cells from the plates or the number of cells that were 
available overall. Even after combining wells to increase overall RNA content, the 
spectrophotometer still showed concentrations in most samples, that were too low for 
proceeding to the qRT-PCR step. A problem in cell scrapping and detachment may have 
occurred that might have reduced the amounts of RNA that underwent extraction. In 
GMOI samples that showed evidence of calcification, the calcification itself may have 
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hindered the ability for RNA to be extracted from those samples. Decalcifying the 
samples that show signs of osteogenic cell differentiation may help in future studies to 
increase the number of viable samples for qRT-PCR. Therefore, the comparisons that are 
drawn between media conditions may not be entirely representative and require 
additional samples to increase the accuracy of those average values.  
Verifying the presence of myogenic cell types and differentiation was done based 
on observing typical patterns of morphological evolution of myogenic progenitor cells in 
comparison to the cells in this study. Finding an appropriate myogenic assay could help 
to further prove the presence of myogenic cell types. Previous studies have used Myh2, 
Myh7, and Dystrophin primary antibodies to stain Type IIa, Type I myofibers and 




 It is possible to culture muscle derived stem cells from both Pax7 and Prx1 
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regeneration in response to stimulus. Additional in vivo studies are needed to understand 
differences between the mechanisms by which the Prx1 and Pax7 population of cells 
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